Detecting pathogenic DNA by intracellular receptors termed "sensors" is critical toward galvanizing host immune responses and eliminating microbial infections. Emerging evidence has challenged the dogma that sensing of viral DNA occurs exclusively in sub-cellular compartments normally devoid of cellular DNA. The interferon-inducible protein IFI16 was shown to bind nuclear viral DNA and initiate immune signaling, culminating in antiviral cytokine secretion. Here, we review the newly characterized nucleus-originating immune signaling pathways, their links to other crucial host defenses, and unique mechanisms by which viruses suppress their functions. We frame these findings in the context of human pathologies associated with nuclear replicating DNA viruses.
Detecting pathogenic DNA by intracellular receptors termed "sensors" is critical toward galvanizing host immune responses and eliminating microbial infections. Emerging evidence has challenged the dogma that sensing of viral DNA occurs exclusively in sub-cellular compartments normally devoid of cellular DNA. The interferon-inducible protein IFI16 was shown to bind nuclear viral DNA and initiate immune signaling, culminating in antiviral cytokine secretion. Here, we review the newly characterized nucleus-originating immune signaling pathways, their links to other crucial host defenses, and unique mechanisms by which viruses suppress their functions. We frame these findings in the context of human pathologies associated with nuclear replicating DNA viruses.
Existing under the constant risk of invasion by pathogenic microorganisms, mammalian cells employ an array of constitutively expressed, germ-line-encoded receptors to survey the intra-and extracellular milieu for pathogen-or damage-associated molecules. Binding of these cellular receptors to their specific ligands evokes intracellular immune signaling cascades that culminate in the robust expression and secretion of antiviral cytokines, such as type I interferons (IFNs). Upon their release from the cell, these induced signaling factors operate in both an autocrine and a paracrine manner, inciting nearby cells to assume antiviral transcriptional programs. Cytokines further stimulate mammalian innate and adaptive immune responses, including the recruitment of antigen-presenting or cytotoxic leukocytes and the production of microbe-specific antibodies. Altogether, these cytokine-coordinated events promote the elimination of the invading pathogen. Thus, the molecular mechanisms mediating the recognition of and response to microbial molecular signatures are critically important.
The DNA genomes of DNA viruses, a class of prevalent human pathogens, serve as one such immunogenic molecular signature. For preventing spurious auto-activation with cellular "self" DNA, the intracellular surveillance of viral DNA was thought to occur exclusively in cytosolic and endosomal compartments. However, this model fails to reconcile the fact that nearly all DNA viruses deposit and replicate their DNA genomes exclusively within host nuclei. As part of a shifting paradigm, recent studies have established the existence of cellular DNA sensors that detect viral DNA within the nucleus to trigger immune signaling. Here, we review the recent discoveries and ongoing challenges within the emerging field of nuclear DNA sensing.
The Impact of Nuclear Replicating DNA Viruses on Human Health
Nuclear replicating DNA viruses are at the root of many major human public health concerns worldwide, triggering a range of symptomatic diseases and irreversible disorders ( Table  1) . Many of these viruses manifest with high morbidity and mortality, particularly in the immunocompromised and young. Epstein-Barr virus (EBV), 2 Kaposi sarcoma-associated herpesvirus (KSHV), human papillomavirus, hepatitis B virus, and Merkel cell polyomavirus are responsible for a staggering majority of virus-associated human cancers globally (1) (2) (3) . Human papillomavirus is considered the most prevalent sexually transmitted pathogen in the United States (4). Hepatitis B virus has infected nearly 2 billion individuals globally, 350 million of whom are persistently infected, and thus, prone to developing hepatitis, hepatocellular carcinoma, and cirrhosis (4) . As a family, adenoviruses account for ϳ8% of symptomatic viral diseases worldwide and are common causes of febrile illness, acute respiratory diseases, and gastrointestinal diseases (5) .
Among DNA viruses, herpesviruses have evolved sophisticated strategies to establish lifelong latent infections in humans. Periodic virus reactivation within an individual allows for the continual spread of infectious particles to other susceptible hosts. For example, EBV persists in ϳ90% of adults, irrespective of geographical location, and is linked to the development of B-cell lymphomas (6) . Human cytomegalovirus (HCMV) can cause retinitis, myelitis, and pneumonitis upon reactivation from latency, but also incites serious health threats in pregnant women, neonates, and the immunocompromised. In the developed world, congenital CMV presents itself symptomatically in 22-38% of infants born with CMV (7, 8) and is the leading infectious cause of mental retardation and hearing loss (9) .
Despite significant efforts, current therapeutic strategies for controlling nuclear replicating DNA viruses have limitations. Many current antiviral drugs either have teratogenic side effects or lead to the emergence of resistant viral strains. Nucleoside analogues that inhibit viral DNA polymerases are current standard therapies. Ganciclovir, for instance, is used for treating CMV-infected individuals, yet it induces leukocytopenia in immunosuppressed patients undergoing tissue transplantation. Acyclovir is another widely employed nucleoside analogue for managing herpes simplex virus (HSV)-associated pathologies, yet acquired viral drug resistance is observed in immuno-compromised patients (10) . Thus, in addition to targeting viral factors, rational drug design efforts have also focused on targeting cellular factors that influence viral replication. One promising strategy is to activate the cellular receptors mediating the immunological responses in infected cells. For antiviral therapeutics against DNA viruses, these targets include DNA sensors (11) .
Cellular DNA-sensing Pathways
For over 50 years, it has been understood that mammalian cells can discriminate foreign DNA to elicit immunological responses. Early seminal work demonstrated that cellular uptake of exogenous DNA or ultraviolet-inactivated DNA viruses induced production of IFNs (12) (13) (14) (15) . Subsequently, when challenged with live viruses, these IFN-stimulated cells could drastically limit viral replication (16, 17) . Only within the past 10 years, however, has there been significant progress in delineating the responsible cellular pathways. Screens of human and murine cDNA libraries led three independent research groups to simultaneously identify the endoplasmic reticulum adapter protein STING (also known as MITA, ERIS, and TMEM173) to spontaneously induce expression of IFNs and IFN-stimulated genes (18 -20) . Additional studies revealed that cells derived from Sting Ϫ/Ϫ mice or depleted of STING by RNA interference fail to produce IFN responses to various exogenous DNA substrates and DNA viruses. Furthermore, Sting Ϫ/Ϫ mice more readily succumb to HSV-1 infection and fail to generate appropriate adaptive immune responses to DNA vaccines (21) . Importantly, STING is widely expressed across many tissues and cell types (18, 19) and phylogenetically conserved within vertebrates (22) . Furthermore, the demonstration that its C terminus recruits the kinase TANK-binding kinase 1 (TBK-1) (23), in turn phosphorylating and activating the transcription factor IRF3 (24 -27), mechanistically linked STING to established type I IFN signaling factors and solidified its central role as an immune signaling hub (27) .
The characterization of the STING-TBK-1-IRF3 signaling axis has spawned significant efforts to identify upstream DNA sensors, which could engage foreign DNA and propagate immune signaling via STING. To date, a myriad of putative DNA sensors has been reported based on their ability to bind foreign or pathogenic DNA and contribute to cytokine induction (Table 1) . Although the actions of these DNA sensors have been predominantly studied in the cytosol and endosomes, emerging evidence is shifting focus to a new sub-cellular compartment: the nucleus.
Emergence of Nuclear DNA Sensing
The human interferon-inducible protein IFI16 was recently characterized as the first viral DNA sensor to function within the nucleus. A member of the interferon-inducible human PYHIN protein family (28, 29) , IFI16 possesses two C-terminal HIN200 domains that bind to DNA in a sequence-independent manner (30) and an N-terminal pyrin (PY) domain that medi-ates intramolecular homotypic interactions and cooperative assembly of IFI16 oligomers (31, 32) ( Fig. 1, A and B) . Originally, IFI16 was shown to bind to cytosolic viral DNA, physically engage STING, and induce IFN production in macrophage-like THP-1 cells (33) (34) (35) . However, across non-immune cell types, IFI16 predominantly localizes to the nucleus (29, 31, 36, 37) . We defined a multi-partite nuclear localization signal on IFI16 and observed that its deletion triggers the localization of IFI16 exclusively to the cytoplasm (36) . This mis-localization compromises the ability of IFI16 to both bind to genomic HSV-1 DNA in the nucleus and promote an appropriate immune response to HSV-1 infection in epithelial cells (36) . In a subsequent study, Orzalli et al. (37) demonstrated that in human primary fibroblasts, both STING and IFI16 are required for inducing expression of IFN and IFN-stimulated genes in response to the HSV-1 d109 strain, an HSV-1 mutant that deposits its DNA genome into the nucleus but lacks the ability to express viral gene products (38) . Protease inhibitor treatment blocks the release of the genome from the d109 nucleocapsid and precludes IFI16-and STING-dependent immune signaling (37) . Thus, both studies provide compelling evidence that the deposition of the HSV-1 DNA genome into the nuclear milieu and its subsequent detection by nuclear IFI16 initiate an immune signaling cascade derived from within the nucleus (Fig. 2 ). Corroborating this model, we have more recently demonstrated that infection with HCMV also induces the expression of host antiviral cytokines via an IFI16-and STING-dependent signaling pathway in human fibroblasts (31) .
The possibility that the integrity of the herpesvirus nucleocapsid is compromised in the cytosolic environment, leading to leakage of the encapsulated DNA, cannot be entirely excluded. Polyubiquitination and proteasomal degradation of the major HSV-1 capsid protein VP5 have been reported in primary macrophages (34) . This mechanism explains the recruitment of IFI16 to HSV-1 and HCMV DNA foci within the cytosol of macrophages (33, 34) . However, these processes do not appear to exist in non-immune cell types. In fact, microscopy and biochemical fractionation studies have demonstrated that IFI16 co-localizes with herpesviral DNA strictly within the nucleus (36, 39, 40) and maintains nuclear localization throughout infection (36, 37, 40, 41) . These discrepancies in IFI16 DNAsensing models are likely due to intrinsic cell type-dependent processes. As macrophages and dendritic cells act at the onset of innate and adaptive immune responses, DNA-sensing components may be localized to the cytoplasm to provide maximum sensitivity and response rapidity to foreign nucleic acids. In contrast, non-immune cells have divergent functions and may maintain IFI16 in the nucleus to focus its immunological activities on successful viral infection events or perform other housekeeping tasks. We found that acetylation of its nuclear localization signal (Fig. 1C ) targets IFI16 to the cytosol, providing a mechanism by which cells fine-tune IFI16 sub-cellular distribution (36) . Aside from its role in innate immune signaling, IFI16 has also been implicated in mounting inflammatory and apoptotic responses to foreign DNA via a multi-protein assembly known as the "inflammasome" (39, (42) (43) (44) (45) . Other pyrin domain-containing cellular receptors, including the related PYHIN protein, AIM2, and members of the NOD-like receptor (NLR) family, were previously shown to initiate inflammasome formation (as reviewed in Ref. 28) . Although these receptors are activated by diverse pathogen-and damageassociated molecular signatures (microbial DNA in the case of AIM2), they ubiquitously oligomerize upon stimulation. The resulting aggregates recruit and activate the caspase-1 protease, which consequently drives the maturation of pro-inflammatory cytokines IL-1␤ and IL-18. Ultimately, these inflammatory responses culminate in a caspase-dependent form of programmed cell death, termed "pyroptosis" (reviewed in Refs. 46 and 47) .
Until recently, inflammasome activity was thought to be restricted to the cytosol for surveying foreign lysosomal content or mitochondrial aberrations. However, Kerur and colleagues (39, 44) demonstrated that IFI16 co-localizes with replicating KSHV DNA in the nuclei of endothelial cells, consequently FIGURE 2. Nucleus-originating immune signaling is activated upon sensing of herpesviral dsDNA. Following viral entry into a host cell, the capsid extrudes viral dsDNA into the nucleus (1) . Nuclear viral DNA is bound directly to DNA sensors IFI16 and IFIX (2) . IFI16 signals to STING via a mechanism that has yet to be elucidated (3a). cGAS was also observed in the nucleus following HSV-1 infection and shown to stabilize IFI16. Upon activation and dimerization of STING, TBK-1 is phosphorylated (4), resulting in the phosphorylation of IRF3 and NF-B, which translocate back into the nucleus to induce the expression of antiviral cytokines (5) . Upon binding nuclear viral dsDNA, IFI16 also associates with ASC to form mature inflammasomes in the cytoplasm, processing proinflammatory cytokines (3b). It remains to be investigated whether cGAS may also sense viral DNA within the nucleus to produce cyclic GMP-AMP, which binds directly to STING (3c). Solid arrows depict experimentally demonstrated pathways, and dotted arrows illustrate other possible mechanisms. Casp-1, caspase-1; ER, endoplasmic reticulum.
assembling an ASC-and caspase-1-containing inflammasome (Fig. 2) . Interestingly, IFI16 association with ASC is detected during early infection within the nucleus; however, by later stages, mature inflammasome structures are thought to re-distribute to the cytosol (39) . How these large multimeric structures translocate through the nuclear pore is unclear. However, de novo assembly in the cytoplasm remains a possibility. Furthermore, B cell lines harboring latent, episomal forms of either the KSHV or the EBV genomes exhibit constitutively high IFI16-dependent caspase-1 activity and expression of pro-inflammatory interleukins, relative to their uninfected parental cell lines (43, 44) . As EBV and KSHV are tightly linked to the development of certain lymphomas, these processes could contribute to the inflammatory microenvironments found in tumors related to these pathologies. IFI16 inflammasome activity was also reported during HSV-1 infection in fibroblasts (42) . Thus, these inflammatory responses may reflect generalized cellular reactions to herpesvirus infections. Most recently, IFI16 was shown to mediate CD4 ϩ T cell death during HIV infection, implicating its inflammasome functions in the progression of AIDS (45, 48) .
The role of IFI16 in eliciting both type I IFNs and inflammatory responses seems contradictory given the demonstrated anti-inflammatory properties of the former (49 -51) . Indeed, varied incongruences regarding IFI16 as an inflammasome initiator exist within the literature. Earlier seminal studies that characterized the AIM2 inflammasome did not observe maturation of caspase-1 and IL-1␤ following DNA stimulation or co-expression of IFI16 with critical inflammasome components (52, 53) . In agreement, IFI16 was not observed to associate with ASC, a requirement for the recruitment and maturation of caspase-1 (31, 53) . More recently, comprehensive proteomic analyses of IFI16 interaction networks did not detect interactions between endogenous IFI16 and ASC during HSV-1 infections in primary fibroblasts (29, 54) . Several studies that probed IFI16 functions during early stages of herpesvirus infections have observed neither IFI16 inflammasome assembly nor caspase-1 maturation (31, 36, 37, 40, 41, 54) . Finally, IFI16 was demonstrated to have a direct role in inhibiting the formation of both AIM2 and NOD-like receptor family inflammasomes (55) . It remains possible that the role of IFI16 in DNA-dependent inflammasome responses is cell type-dependent and that other, yet uncharacterized factors are required. These disparate observations necessitate further study.
Until recently, AIM2 and IFI16 were the only members of the human PYHIN family with established pathogen DNA-sensing capabilities. The other PYHIN members, IFIX and MNDA, although also localized predominantly to the nucleus, had few characterized immunological functions. Our recent proteomic investigation of the PYHIN family protein interaction networks revealed that IFIX associates with antiviral factors and that its expression is inversely correlated with herpesvirus replicative capacity (29) . IFIX was further shown to bind DNA substrates in a sequence-independent manner and to contribute to type I IFN production (29) . Moreover, during HSV-1 infection, IFIX associates with viral genomic DNA and remains localized to the nucleus (29) . Altogether, these data implicate IFIX as the second identified nuclear sensor of viral DNA to date (Fig. 2) .
Given that IFIX is differentially expressed across cell and tissue types, it is likely to have cell type-specific functions that remain to be determined (56, 57) .
The discovery that viral DNA can be sensed within host nuclei has incited a re-evaluation of other previously characterized DNA sensors and the sub-cellular compartments in which they function. Upon binding to foreign DNA, the cyclic-GMP-AMP (cGAMP) synthase (cGAS) catalyzes the production of the cyclic dinucleotide (CDN) cGAMP from intracellular ATP and GTP, which, in turn, binds and activates STING to induce type I IFNs (58 -63) (Fig. 2) . As previous work had already determined that CDNs generated by intracellular bacterial pathogens directly activate STING (64 -66) , the discovery of cGAS demonstrated a cell-intrinsic mechanism exploiting bacterial CDN second messenger systems for mobilizing host defenses. Two critical observations underscore a central role for cGAS in DNA sensing. First, introduction of exogenous DNA paired with co-expression of cGAS and STING is sufficient to elicit robust interferon responses in HEK293T cells inherently devoid of these components (58, 60, 62, 63) . Second, cGAS Ϫ/Ϫ mice and explanted cGAS Ϫ/Ϫ monocytes fail to mount proper IFN responses to DNA viruses, such as poxviruses and herpesviruses (61, 67) . Interestingly, fibroblasts derived from cGAS Ϫ/Ϫ mice are attenuated in their production of IFN in response to both WT and d109 HSV-1 infection, relative to their cGAS ϩ/ϩ counterparts (61) . Even in human fibroblasts, depletion of either IFI16 or cGAS by RNA interference attenuates IFN induction in response to HSV-1 infection (68) .
Although cGAS was shown to co-localize with foreign DNA in the cytosol of macrophages (58, 69) , cGAS-dependent IFN responses to HSV-1 in non-immune cells implicate its function in nuclear sensing. In fact, in human fibroblasts, endogenous cGAS seems equally distributed between the cytosol and the nucleus and can co-localize with IFI16 and transfected plasmid DNA at foci in either sub-cellular compartment (68) . Furthermore, we observed nuclear IFI16 to interact with cGAS in lysates from these cells (68) . Therefore, IFI16 and cGAS may function synergistically to elicit immune signaling to nuclear foreign DNA. However, HSV-1 infection of human fibroblasts elicits little cGAMP production. Moreover, cGAS depletion triggers IFI16 de-stabilization via the proteasome (68) . These results suggest that IFI16 functions as the dominant nuclear DNA sensor, whereas cGAS performs auxiliary functions, such as stabilization of IFI16 to enable or prolong signal potentiation. It will be interesting to test whether this is the case for other DNA viruses or whether these are directly sensed by nuclear pools of cGAS, which may stimulate STING at the endoplasmic reticulum via diffusion of cGAMP through the nuclear pores. In agreement, cGAMP derived from DNAstimulated cells can diffuse through gap junctions to engage distal STING in unstimulated neighboring cells (70) . Future studies are crucial for delineating cGAS nuclear functions and the intersection of IFI16-and cGAS-dependent signaling pathways.
Aside from regulating immune and inflammatory signaling pathways, cell-intrinsic nuclear factors have also been demonstrated to regulate chromatinization and transcription of viral DNA genomes. For example, IFI16 represses expression of HCMV DNA polymerase genes UL54 and UL44 by reducing the occupancy of the transcription factor Sp1 at promoter elements (71) . Furthermore, IFI16 mediates nucleosomal loading and epigenetic addition of heterochromatin-associated markers to HSV-1 genomic DNA during infection (72, 73) . These mechanisms are thought to limit recruitment of RNA Pol II and associated transcriptional activation complexes to restrict viral gene expression and genome replication. Emerging evidence suggests that these IFI16 functions are intertwined with those of sub-nuclear multi-protein complexes, known as nuclear domain 10 (ND10) bodies (also known as promyelocytic leukemia (PML) nuclear bodies). Like IFI16, ND10 body components are IFN-inducible and rapidly associate with deposited viral DNA genomes in the nucleus, acting as suppressors of viral gene expression (74 -76) . Stable knockdowns of ND10 body components, including PML, death domain-associated protein 6 (hDAXX), ATRX, or Sp100, increase titers of an HSV-1 strain that lacks the ubiquitin ligase activity ICP0, a viral protein that targets ND10 bodies for degradation (77, 78) . In agreement, ATRX and hDaxx were shown to cooperate as part of a repressive chromatin-remodeling complex, inducing a transcriptionally inactive chromatin state around early-acting HCMV promoters with the aid of chromatin-modifying histone deacetylases (79, 80) . Additionally, we have recently demonstrated a direct interaction between both IFI16 and IFIX with major ND10 body components and mediators of chromatin assembly and transcription (29, 54) .
Broad Impact of DNA-sensing Mechanisms
Recent studies have indicated that, in addition to defense against DNA viruses, DNA-sensing mechanisms play critical roles following infection with RNA viruses. Although their genomes are composed of RNA, retroviruses, such as HIV, utilize DNA intermediates to replicate. Upon entry into the cell, the HIV RNA genome is reverse-transcribed to dsDNA in the cytosol, whereby it is imported into the nucleus and integrated into the host cell genome. Because of this unique replication strategy, "pro-viral" DNA is also vulnerable to cellular DNAsensing mechanisms. Jakobsen et al. (35) tested an array of HIV-derived DNA substrates with varying secondary structures and found that DNA-dependent type I IFN responses require IFI16 in human monocytes. Moreover, cells with reduced expression of the 3Ј-5Ј DNA exonuclease Trex enhanced these IFI16-dependent cytokine responses upon introduction of viral DNA. Finally, HIV infection in IFI16-depleted primary human macrophages exhibited higher levels of viral gene products relative to non-depleted cells. Together, these results suggest that IFI16 limits HIV replication through detection of HIV pro-viral DNA. As mentioned earlier, Monroe et al. (45) subsequently found that cell death induced in CD4 ϩ T cells during HIV infection is specifically mediated by IFI16, rather than other characterized DNA sensors, and may account for the progression of acquired immunodeficiency in HIV-positive patients. Although the exact mechanisms by which IFI16 exerts its functions in this context remain undefined, it may be that sensing of the HIV provirus induces apoptotic cellular responses to limit viral propagation. Altogether, these studies have stirred interest in understanding the impact of IFI16 and other DNA sensors on retrovirus infections.
Viral Immune Evasion of DNA-sensing Pathways
Considering pathogen-host co-evolution and the prevalence of DNA viruses, the limited capacity of the host cell to detect and elicit immunity to viral DNA during infection implies the existence of viral immune evasion strategies. Although the concept of nuclear DNA sensing is still in its infancy, some mechanisms utilized by viruses to inhibit IFI16-dependent immune functions have been elucidated (Fig. 3 ). Recent studies from our laboratory identified a physical interaction between IFI16 and the major HCMV tegument protein pUL83 within HCMV-infected nuclei (31, 41) . We identified distinct N-and C-terminal domains of pUL83 that directly bind the IFI16 PY domain and block its homo-oligomerization, respectively (31) . Furthermore, infection with a pUL83-deficient HCMV strain induces both IFI16 multimerization and robust antiviral cytokine production, which is dependent on the presence IFI16, STING, and TBK-1 (31) . Together, these results support a model in which IFI16 binding to nuclear viral DNA catalyzes the PY-mediated self-assembly of IFI16 aggregates that serve to initiate immune signaling through the STING axis (Fig. 3) . In turn, these IFI16 assemblies are obscured by pUL83 during infection, attenuating immune responses (Fig. 3, right) . We have also demonstrated that the pUL83-IFI16 complex can function to stimulate HCMV gene expression at low viral loads (41) . In this way, HCMV both sequesters and repurposes IFI16 to serve as a viral gene transactivator. In contrast to HCMV, HSV-1 has evolved an alternative strategy for countering IFI16 antiviral activities. Several groups, including ours, have reported that IFI16 is rapidly degraded during early stages of HSV-1 infection and maintained at low levels onwards (37, 40, 42, 54) . This degradation occurs exclusively at the protein level in a proteasome-dependent manner and requires transcription of viral gene products (54) . Given these data and its previously characterized ability to target cellular proteins for proteasomal degradation (81, 82) , the HSV-1 E3 ubiquitin ligase ICP0 was implicated. Indeed, HSV-1 mutants deficient for ICP0 (37, 42) or lacking ICP0 ubiquitin ligase activity (54) are unable to degrade IFI16 to the same extent as the wild-type virus. Furthermore, upon HSV-1 infection, IFI16 is recruited to nuclear ICP0-containing foci prior to its degradation (37, 40, 54) and physically associates with ICP0 (54). However, it has been argued that, because ICP0 is also the immediate-early transactivator of viral gene expression and its absence drastically slows the kinetics of viral productive infection, compromising ICP0 activity may mask the function of the true direct effector of IFI16 de-stabilization (40) . Using the HCMV transactivating protein IE1 to complement an ICP0deficient HSV-1 mutant, Cuchet-Lourenço et al. (40) demonstrated IFI16 degradation even in the absence of ICP0. However, these studies were performed in HepaRG cells, rather than primary fibroblasts used in similar studies. Considering that HSV-1-induced IFI16 degradation is not observed in all cell types (36, 40) , the interpretation of these results is difficult. Nevertheless, ICP0 expression alone cannot induce loss of IFI16 (40, 54) , and ubiquitylation of IFI16 upon HSV-1 infection remains to be reported. Despite these inconsistencies, there is substantial evidence that nuclear IFI16 is able to elicit robust immune signaling to HSV-1 in the absence of ICP0 (37, 54) . Thus, ICP0, either directly or indirectly, functions to suppress this important signaling pathway (Fig. 3, left) . Aside from these few studies, our knowledge of the strategies utilized by nuclear replicating DNA viruses to circumvent the aforementioned sensing pathways remains extremely limited.
Future Perspectives
Forthcoming challenges in DNA sensing rest upon elucidating several principal questions: What are the cellular mechanisms distinguishing viral DNA from cellular DNA within the nucleus? How are the nucleus-originating immune signaling pathways propagated through the endoplasmic reticulum STING axis? Specifically, identifying the molecular mechanisms governing nucleus-originating signal transmission to the cytosol, as well as back to the nucleus, remains an outstanding question. An uncertainty that arises from these gaps in fundamental knowledge is how DNA-sensing pathways differentiate between commensal microbiota and invading pathogens. Insight into these aspects of host-virus interactions will serve to catalyze the development of rational antiviral drug therapies.
In light of the immunological potential of DNA, its incorporation as an adjuvant in vaccines continues to be considered to promote antiviral cellular and humoral immune responses (11) . Typically, a DNA vaccine consists of plasmid DNA encoding viral antigens. To date, despite repeated clinical trials in humans, the efficacy of such vaccines remains disappointingly poor, largely because of low inductions of immunogenicity, due in part to species-specific expression of TLR9 (83, 84) . However, the growing success of DNA-based treatments encoding disease-specific antigens in veterinary medicine has added new incentive to revisit the use of DNA adjuvants in humans (83) . Understanding how DNA activates sensing pathways is particularly paramount to developing novel prophylactic therapeutics against nuclear replicating DNA viruses.
